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Abstract
DNA sequence and structure play a key role in imparting fragility to different regions of the
genome. Recent studies have shown that non-B DNA structures play a key role in causing
genomic instability, apart from their physiological roles at telomeres and promoters. Struc-
tures such as G-quadruplexes, cruciforms, and triplexes have been implicated in making
DNA susceptible to breakage, resulting in genomic rearrangements. Hence, techniques
that aid in the easy identification of such non-B DNAmotifs will prove to be very useful in de-
termining factors responsible for genomic instability. In this study, we provide evidence for
the use of primer extension as a sensitive and specific tool to detect such altered DNA struc-
tures. We have used the G-quadruplex motif, recently characterized at the BCL2major
breakpoint region as a proof of principle to demonstrate the advantages of the technique.
Our results show that pause sites corresponding to the non-B DNA are specific, since they
are absent when the G-quadruplex motif is mutated and their positions change in tandem
with that of the primers. The efficiency of primer extension pause sites varied according to
the concentration of monovalant cations tested, which support G-quadruplex formation.
Overall, our results demonstrate that primer extension is a strong in vitro tool to detect non-
B DNA structures such as G-quadruplex on a plasmid DNA, which can be further adapted to
identify non-B DNA structures, even at the genomic level.
Introduction
DNA exists majorly in the B form except in certain regions of the genome such as telomeres,
wherein G-quadruplex structures have been identified [1,2]. Certain altered DNA structures
have also been reported in promoters of many genes such as c-KIT, c-MYC etc., which are im-
plicated in the regulation of gene expression [3,4]. Apart from these classical roles, the impor-
tance of non-B DNA structures in imparting fragility to certain regions of the genome is
increasingly becoming clear [5,6]. Recent studies have shown that non-B DNA structures such
as G-quadruplexes and cruciforms make several regions of the genome fragile, by increasing
their susceptibility to breakage [5,7–10]. Such DNA breaks can result in chromosomal translo-
cations, gene duplications, inversions and deletions, which are characteristic features on the
landscape of cancer cells [11].
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Translocations are one of the major types of chromosomal aberrations observed in cancer,
especially leukemia and lymphoma [11–13]. The t(14;18) translocation involving the BCL2
gene on chromosome 18 and IgH loci on chromosome 14, is one of the most common and
well-studied translocations in cancer [14]. Most of the breaks on the BCL2 gene are clustered
in a 150 bp major breakpoint region (mbr), which was previously shown to adopt a non-B
DNA structure [7]. This structure was recently characterized as an intramolecular
G-quadruplex by several biophysical and biochemical assays including circular dichroism,
NMR, DMS protection, 3D-modelling and a reporter gene based assay within cells [8].
There are over 500 distinct chromosomal translocations identified in haematological malig-
nancies so far. However, the mechanism of generation of majority of them are largely un-
known. Therefore, it is imperative to design new methods to aid the identification of altered
DNA structures, as they might hold the key in explaining the fragility of several such regions in
the genome, especially those involved in chromosomal translocations.
Owing to their structures, non-B DNA can act as road blocks for passage of polymerases
across DNA. This approach has been exploited in Taq polymerase arrest assays, which have
been previously reported [8,15]. However, this assay has been conventionally performed on
single-stranded DNA and uses oligomers of defined lengths, containing the structure forming
motifs [8,15]. Therefore, it may not represent the physiological scenario wherein such struc-
tures are formed on double-stranded DNA and need unwinding before each round of replica-
tion. In the present study, we employ the G-quadruplex forming motif at the BCL2mbr as a
proof of principle and propose the use of primer extension as a method to detect and study
non-B DNA structures on plasmid DNA. Usage of Vent polymerase and multiple cycles of
primer extensions improved the sensitivity of the assay. Further we show that pause sites corre-
sponding to the G4 motif depend on the concentration of DNA template, presence of cations,
which are known to support G-quadruplex formation and the position of the primers used. Im-
portantly, the pause sites are absent when the motif is mutated, indicating the role of
DNA structure.
Materials and Methods
Enzymes, chemicals, and reagents
Chemical reagents were obtained from Sigma Chemical Co. (USA) and SRL (India). DNA
modifying enzymes were from New England Biolabs (USA) and Fermentas (USA). Radioiso-
tope-labeled nucleotides were from BRIT (India).
Oligomeric DNA
The oligomeric DNA used in the current study are BTM1 (C), 5’-ACAGACCCACCCA-
GAGCCCTCCTGCCCTCCTTC-3’; BTM2 (G), 5’-GAAGG AGGGCAG-
GAGGGCTCTGGGTGGGTCTGT-3’; BTM4 (G6), 5’-
GAAGGAGGGCAGGAGGGCTCTATATAAATCTGT-3’; MN60, 5’-TCGACTCTAGAA-
CAGACCCACCCAGAGCCCTCCTGCCCTCCTTCG-3’; MN61, 5’-GATCCGAAG-
GAGGGCAGGAGGGCTCTGGGTGGGTCTGTTCTAGAG-3’; MN62, 5’-
TCGACTCTAGAACAGATTTATATAGAGCCCTCCTGCCCTCCTTCG-3’; MN63,
5’-GATCCGAAGAGGGCAGGAGGGCTCTATATAAATCTGTTCCTAGAG-3’; SCR21,
5’-AGTGCCACCTGACGTCTAAG-3’; SCR105, 5’-GGCGTATCAC-
GAGGCCCTTTCGTC-3’; SCR83, 5’-CCCTGTTGACAATTAATCATCG-3’; and SCR190,
5’-TAGGTACATTGAGCAACTGAC-3’. The oligomers were gel purified as described [16].
Primer Extension to Detect Altered DNA Structures
PLOS ONE | DOI:10.1371/journal.pone.0119722 March 23, 2015 2 / 14
5’ end-labeling of oligomers
The 5’ end-labeling of the oligomeric DNA was done using T4 polynucleotide kinase as de-
scribed [16]. The labeled substrates were purified using Qiagen quick nucleotide removal kit
and stored at -20°C until used.
Plasmid construction
Double-stranded DNA containing the wild type sequence of the BCL2mbr G- quadruplex
forming region was generated by annealing MN60/MN61 and the mutant which has two sets
of guanines (6 guanines) substituted was made by annealing MN62/MN63. The duplex DNA,
having BamHI and SalI overhangs, was phosphorylated and ligated to generate appropriate
plasmids following double-digestion with BamHI and SalI [8]. The sequence of the insert was
confirmed by DNA sequencing. The resulting plasmids were named as pMN7 (wild type) and
the pMN8 (mutant), respectively.
Linear amplification of the DNA to detect pause sites
Presence of replication blocks due to G-quadruplex structure formation was studied in the
plasmids, pMN7 and pMN8, by primer extension. The reactions were carried out by mixing
100 ng (except when different concentrations of template DNA were used) of DNA sample in
1X Thermo polymerase buffer (10 mM KCl, 10 mM (NH4)2SO4), 20 mM Tris-HCl (pH 8.8),
4 mMMgSO4 and 0.1% Triton X-100), 4 mMMgSO4, 200 μM dNTPs, 0.1 nM end labeled olig-
omers and 1 U Vent (exo-) polymerase (New England Biolabs). Linear amplification primer
extensions were carried out in a PCR machine (20 cycles) under the following conditions: 95°C
for 3 min (1 cycle), 94°C for 45 sec, 56°C for 45 sec and 72°C for 45 sec (20 cycles) and final ex-
tension of 3 min at 72°C.
Mapping of pause sites to G-quadruplex motif using differentially
positioned primers
Occurrence of pause sites with respect to G-quadruplex forming motif was tested using multi-
ple primers that can anneal at different positions, away from the G-quadruplex motif. The
primers used were SCR21, SCR105 and SCR83, positioned 165, 111 and 67 bp, respectively,
from the G4 motif. Primer extension was performed at annealing tempertures of 56, 58 and
60°C for 45 sec with 45 sec denatuaration and 45 sec extension, in case of both wild type and
mutant plasmids. The reactions were terminated by adding dye containing formamide and the
products were resolved on 8% denaturing polyacrylamide gel. The gels were dried and exposed
to a screen and the signal was detected using PhosphorImager FLA9000 (Fuji, Japan).
Primer extension in presence of different cations
Effect of different cations on the replication block during primer extension was studied by
using the conditions described above, except that thermo polymerase buffer was supplemented
by either 100 mM KCl, LiCl, NaCl or CaCl2. In the experiment to test the effect of increasing
concentrations of KCl, the concentrations used were 0, 5, 10, 20, 50, 75, 100 and 125 mM.
Dimethyl sulfate (DMS) protection assay
The 5’ radiolabelled oligomer, BTM2, containing the BCL2mbr G-quadruplex motif, was incu-
bated in Tris-EDTA (TE) buffer either in the presence or absence of 100 mM KCl at 37°C for
1 h. DMS (1/200 dilution) was then added to the DNA and incubated for 15 min at room tem-
perature. An equal volume of piperidine (10%) was added to each tube and incubated at 90°C
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for 30 min. The reaction was then diluted with water and vacuum dried. The pellet was washed
several times and dried using a speedvac concentrator. The DMS treated products were then re-
solved on a 15% denaturing polyacrylamide gel, dried and visualized as described above.
Circular Dichroism (CD)
BCL2mbr G-quadruplex motif containing plasmids, pMN7 (wild type) and pMN8 (mutant)
were heat denatured for 10 min at 90°C in TE and renatured at 37°C for 1 h in the presence of
100 mM KCl. The samples incubated in TE alone served as the control. The circular dichroism
spectra were recorded at 37°C from wavelengths of 220 nm to 320 nm. For each sample, 10 cy-
cles of spectra were acquired; using a JASCO J-810 spectropolarimeter at a scan speed of
50 nm/min. Spectra for buffer alone or buffer with KCl was subtracted and plotted with zero-
correction at 320 nm.
Native gel analysis of intra and intermolecular G-quadruplex structure
formation
The ability of BCL2mbr oligomers, BTM1 (C), BTM2 (G) and the mutant, BTM4 (G6) to form
G-quadruplex structures was assayed as described with modifications [8,17]. The radiolabelled
oligomers were either incubated in TE buffer (pH 8.0) or TE containing KCl (100 mM), NaCl
(100 mM) or LiCl (100 mM) at 37°C for 1 h. The products were resolved on 12% native poly-
acrylamide gels containing respective salts (100 mM), and electrophoresed (100 V) in TBE
buffer along with the salts, at room temperature. The gels were dried, images were captured
and analyzed as mentioned above.
Primer extension in presence of different cations
The presence of pause sites due to the formation of G-quadruplex structure at the BCL2mbr
was studied on pMN7 by primer extension using the oligomer SCR105. The reactions were per-
formed by mixing 100 ng of pMN7 in 1 X Themo polymerase buffer (New England Biolabs,
USA), 4 mMMgSO4, 200 μM dNTPs, 0.1 nM end labelled SCR105, and 1 U Vent (exo-) poly-
merase. Besides 100 mM of either KCl, LiCl, NaCl or CaCl2 was also added to the reaction.
Primer extension reaction was carried as described above (20 cycles) under following condi-
tions: 95°C for 3 min (1 cycle), 95°C for 1 min, 58°C for 45 sec, 72°C for 45 sec (20 cycles) and
the final extension at 72°C for 3 min. Formamide containing dye was used to terminate the re-
action and products were resolved on an 8% denaturing polyacrylamide gel. The gels were
dried and signals detected using a PhosphorImager (Fuji, Japan).
Results and Discussion
Primer extension can be used to detect non-B DNA structures in vitro
Formation of non-B DNA structures like G-quadruplex, have been suggested to arrest physio-
logical processes such as replication and transcription [18,19]. We tested whether such poly-
merase arrest due to formation of altered DNA structures can be detected using primer
extension, when the region of interest is present on a double-stranded plasmid DNA (Fig. 1A).
The plasmid containing the region of interest was denatured in a Thermo Cycler, annealed
with a radiolabeled primer and allowed to extend for defined number of cycles. The primer can
extend till the region where structure is formed, beyond which extension is impeded due to the
presence of the non-B DNA. This will result in either the stalling of the polymerase or its falling
off. This forms the truncated product, which can be observed on a denaturing polyacrylamide
gel as a pause site (Fig. 1A). Since all the DNAmolecules may not form the structure,
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significant amount of full length products can also be observed on the gel, which migrate the
slowest (Fig. 1A). Unlike the Taq polymerase stop assay, where only a single cycle of polymeri-
zation is used, primer extension involves linear amplification due to which the signal strength
is considerably improved. More importantly, we have used Vent (exo-) polymerase, instead of
Taq DNA polymerase to improve the efficiency of the extension. In addition, the Vent (exo-)
polymerase is highly thermostable and can resolve through highly GC-rich sequences substan-
tially better than Taq polymerase, thereby reducing false positives [20,21].
We cloned the recently characterized wild type G-quadruplex forming motif from BCL2
mbr, to generate pMN7 and used for the assay [8]. The primer extension assay was carried out
using plasmid DNA (0, 5, 10, 20, 50, 100, 150 ng) and the primer SCR105, which binds around
100 nt away from the G-quadruplex motif. Results showed increasing intensity of pause sites
near the position of the G-quadruplex motif, in a concentration dependent manner (Fig. 1B).
The pause sites were spread over a distance of 50 nt spanning the G-quadruplex motif (from
100–150 nt). It is of importance to note that, apart from the pause sites, no other major bands
were observed through the lanes, suggesting the specificity of primer extension in the detection
of alterations in DNA structure on plasmid DNA.
Pause sites move in tandem with the position of primers
In order to further confirm the dependence of the pause sites on the cloned G4 DNA forming
motif, we selected three different primers which would bind at different distances from the
BCL2mbr G-quadruplex motif on the vector backbone (Fig. 2A). Results showed pause sites,
Fig 1. Primer extension assay to evaluate presence of non-B DNA structure. A. Schematic representation of the strategy of primer extension used for
detecting pause sites due to altered DNA structures. Upon denaturation, the cloned sequence refolds into the non-B DNA (in this case a G-quadruplex) and
acts as a replication block, preventing the extension of radiolabelled primer beyond the structure. This leads to the formation of a truncated product, which
can be detected upon electrophoresis on a polyacrylamide gel. B. A denaturing polyacrylamide gel (8%) profile showing primer extension products using a
radiolabelled primer SCR105 on increasing concentrations of the plasmid, pMN7 (0, 5, 10, 20, 50, 100 and 150 ng), containing the cloned wild type G-
quadruplex forming motif, at an annealing temperature of 58°C. The pause site generated is marked with a square bracket. Lanes 1 and 2 are no DNA
template controls without KCl and lane 3 is no DNA control with KCl. “M” is the radiolabeled 50 nt ladder and the molecular sizes are marked. In case of lanes
3–9, 10 mM KCl has been used. Wedge indicates the increasing concentration of pMN7.
doi:10.1371/journal.pone.0119722.g001
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in case of all the three primers at different temperatures tested (Fig. 2B). In case of primer
SCR21, pause sites were observed at 150–200 nt region, for primer SCR105 it was between
100–150 nt and in case of SCR83, the pause was seen at 50–100 nt region (Fig. 2B). It needs to
be pointed out that, like SCR21, the pause sites in case of extensions by SCR105 and SCR83
were specific in position. In case of SCR83, a pair of bands was observed at around 50 and 100
nt, which is identical in pattern to the pauses by other two primers but appears far apart due to
the relatively closer position of primer and increased resolution of the bands at smaller
molecular sizes.
Conformation of G-quadruplex structure formation at the pause site
DMS protection assay was used for determining the guanines involved in the formation of
G-quadruplex structures. DMS methylates guanines at the N7 position, either in single-
stranded or duplex DNA. If the guanines take part in Hoogsteen base pairing required for
G-quadruplex formation, the N7 position will not be accessible for methylation and therefore,
cannot react with DMS. Oligomeric DNA containing the BCL2mbr G-quadruplex motif was
designed and DMS chemical probing was performed in the presence and absence of KCl
(Fig. 3A). Results showed that all the guanines reacted equally to DMS in the absence of KCl
Fig 2. Primer extension assay using differentially positioned primers on a plasmid containing G-quadruplex formingmotif. A. Schematic
representation for the use of multiple primers which bind at different distances from the G-quadruplex forming motif. As a result, based on the distance
between the primer and the motif, different sized products are expected.B. Polyacrylamide gel profile for primer extension reactions using primers, SCR21,
SCR105 and SCR83, on the plasmid, pMN7, at different annealing temperatures. The annealing temperatures used were 56, 58 and 60°C. The pause sites
generated as a result of replication blocks are marked in square brackets. Lanes 1, 5 and 9 are no DNA template controls. “M” is the radiolabeled 50 nt ladder
and the molecular sizes are marked. The distance between primers SCR21, SCR105 and SCR83 and the G-quadruplex forming region is 165, 111 and 67
nt, respectively.
doi:10.1371/journal.pone.0119722.g002
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(Fig. 3B, lane 2), while only two guanines (marked by asterisks) were strongly methylated by
DMS in the presence of KCl (Fig. 3B, lane 3). Other guanines (marked in red and with arrows)
showed complete or significant protection from methylation (Fig. 3B, lane 3). Thus our data
provides evidence for occurrence of G-quadruplex structure at the BCL2mbr (Fig. 3C), which
was also consistent with earlier report [8].
Besides, CD spectroscopic studies have been performed to identify the formation of
G-quadruplex structure on a plasmid backbone. CD analysis was performed on pMN7 and
pMN8 (Fig. 4A) in the absence or presence of KCl (100 mM). The characteristic spectra of
B-DNA shows a positive long wavelength (peak) around 260–280 nm and a negative wave-
length (dip) around 245 nm [22] while, parallel G-quadruplex formation could result in a posi-
tive peak at 260 nm and negative peak at 240 nm [22,23]. Results showed no difference in the
pattern of the spectra between plasmid containing wild type and mutant G-quadruplex motifs
in the absence of KCl (Fig. 4B). Interestingly, upon addition of KCl, pMN7 showed a distinct
spectrum, characteristic of G-quadruplex as compared to its mutant (Fig. 4C). Thus, our results
indicate the formation of a G-quadruplex DNA structure, in the context of plasmid DNA.
Mutations to the G-quadruplex motif abolishes pause sites generated
during primer extension
After establishing the ability to detect pause sites on plasmid DNA upon primer extension and
demonstrating the ability of the sequence motif to fold into a G-quadruplex structure, we
Fig 3. DMS protection assay to test G-quadruplex formation at BCL2mbr. A. Sequence of the G-rich
strand at the BCL2mbr. The stretches of guanines which are protected from DMSmethylation are in red and
marked by arrows, while the two guanines which react to DMS within the motif are marked by asterisks.B.
The gel profile showing DMS sensitivity at G-quadruplex motif in the BCL2mbr following chemical probing
reaction. Lane 1, oligomeric DNA containing G-quadruplex motif treated with piperidine alone. Lane 2, DNA
treated with DMS and piperidine following incubation in TE. Lane 3, DNA treated with DMS and piperidine
after incubating in 100 mM KCl. C. A 2Dmodel for the intramolecular G-quadruplex formed at the BCL2mbr
based on the reactivity of guanines to DMS. The guanines involved in the quartet formation are in red.
doi:10.1371/journal.pone.0119722.g003
Primer Extension to Detect Altered DNA Structures
PLOS ONE | DOI:10.1371/journal.pone.0119722 March 23, 2015 7 / 14
wanted to determine whether these replication blocks were indeed specific and dependent on
the G-quadruplex motif. In order to test this, primer extension assay was performed on pMN8,
the plasmid containing mutant of G-quadruplex motif (Fig. 4A). Upon primer extension, the
mutant region showed a complete abrogation of the formation of pause sites even in the pres-
ence of KCl (100 mM), demonstrating that the pause site observed in the wild type plasmid
was due to the presence of the G-quadruplex structure (Fig. 5). To further confirm the specific-
ity of the pause sites, all the three primers used earlier, SCR21, SCR105 and SCR83, were used
on the mutant plasmid as well. All the bands present in the wild type were absent in the mu-
tant, except for the full extension products, which confirmed that each band seen in the former
was due to a block generated by the non-B DNA structure (Fig. 6A-C). Interestingly, the full
length products obtained from extension of the mutant sequence migrated faster than those
from the wild type sequence, which was stuck in the well (Figs. 5, 6). Such a difference in the
mobility of the full length products was unexpected and further studies are required to decipher
the identity of these molecules.
The G-quadruplex structure induced pause sites are dependent on
monovalent cations
Previous studies suggest that monovalent cations such as K+ and Na+ favour the formation of
G-quadruplex structures [8,10]. In order to test the effect of different ions on G-quadruplex
structure formation at BCL2mbr, oligomers were designed containing either the G-quadruplex
forming motif (BTM2), its complementary C-rich strand (BTM1) or its mutant (BTM4),
where six Gs were mutated (Fig. 7A). The oligomers were labelled using [γ32P]ATP and
Fig 4. Evaluation of G-quadruplex formation at BCL2mbr, when present on a plasmid DNA. A. Plasmid constructs, pMN7 and pMN8, were prepared
by cloning the wild type and the mutant oligomeric sequence containing G-quadruplex motif from BCL2mbr, respectively. B-C. CD spectra resulting from
pMN7 and pMN8 in the absence (B) and presence (C) of KCl.
doi:10.1371/journal.pone.0119722.g004
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incubated in the presence of different cations (100 mM KCl, NaCl or LiCl at 37°C for 1 h) and
the products were resolved on a native PAGE as described in Methods. Results showed faster
migrating species due to intramolecular G-quadruplex formation in the presence of KCl, when
BTM2 was analysed on a gel containing KCl, when compared to control strands BTM1 and
BTM4 (Fig. 7C). Interstingly, such a difference in the mobility was not observed in the absence
of KCl (Fig. 7B). In presence of NaCl, although such a difference in the mobility was observed
Fig 5. Primer extension on wild type G-quadruplex motif and its mutant. Primer extension using
oligomer SCR105 on plasmids containing wild type (pMN7) or mutant (pMN8) G-quadruplex motif of BCL2
mbr. In each case, Lane 1 and 6 are primer alone, lanes 2, 3, 7, 8 are primer extensions in the absence of KCl
and lanes 4, 5, 9, 10 are in the presence of 100 mM KCl. The pause sites are marked with a square bracket.
“WT” denotes wild type and “MT” denotes mutant plasmids. Sequencing ladder was prepared using pMN7
with primer SCR105 by Sanger’s chain termination method of sequencing. A, C, G and T denotes the
corresponding ddNTP-mediated chain termination reaction.
doi:10.1371/journal.pone.0119722.g005
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Fig 6. Primer extension on wild type andmutant G-quadruplex motif at BCL2mbr usingmultiple primers. A-C. Primer extension using oligomers,
SCR21 (A), SCR105 (B) and SCR83 (C) for wild type and mutant plasmids. In each case, lane 1 is primer alone, lanes 2–4 are primer extensions at different
temperatures as indicated. The pause sites generated as a result of replication blocks due to G-quadruplex formation are marked with square brackets. “WT”
denotes wild type and “MT” denotes mutant plasmids. “M” is 50 nt ladder.
doi:10.1371/journal.pone.0119722.g006
Fig 7. Evaluation of impact of different ions on G-quadruplex formation whenBCL2mbr is present on oligomeric DNA substrates. A. Schematic
representation of the oligomers used in the study. BTM1 (C) is the complementary sequence of G-quadruplex forming sequence and BTM2 (G) represents
the G-quadruplex forming sequence of BCL2mbr. BTM4 (G6) represents the mutant form of BTM2 (G) where 6 Gs are mutated (indicated in blue color).B-E.
Different oligomeric DNA, BTM1, BTM2 and BTM4 were incubated either in TE buffer (B), TE + KCl (C), TE + NaCl (D) or TE + LiCl (E) at 37°C for 1 h and
resolved on a 12% native PAGE at room temperature. In all cases both the gel running buffer (TBE) and gel contained respective ions (100 mM). Formation
of intermolecular species are marked by square brackets, while intramolecular G-quadruplexes and substrate DNA are indicated by arrows.
doi:10.1371/journal.pone.0119722.g007
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for BTM2, it was minimal (Fig. 7B-D). However, in the presence of LiCl, we could not observe
any difference in the mobility and the migration was comparable to the condition wherein no
ions were present (Fig. 7B, E). Interestingly, such a difference was not very prominent in the
case of intermolcular G-quadruplex species (Fig. 7B-E). Thus, our results suggest that forma-
tion of G-quadruplex structure is favoured in the presence of KCl.
Based on the above result on shorter oligomers, we wondered whether the pause sites ob-
served during primer extension were dependent on the presence of cations. Firstly, we tested
the dependence of the pause sites on increasing concentrations of K+ ions. The primer exten-
sion reactions were carried out in presence of different concentrations of KCl (0, 5, 10, 20, 50,
75, 100 and 125 mM) (Fig. 8A). The results showed a concentration dependent increase in the
formation of pause sites and the optimum was found to be 100 mM (Fig. 8A). Further, we car-
ried out primer extension reactions in the presence of cations such as K+, Li+, Na+ and Ca2+.
Results showed that strong pause sites were formed in the presence of KCl, and to a lesser ex-
tent when NaCl was present in case of the wild type sequence (Fig. 8B). Interestingly, in pres-
ence of LiCl, the formation of pause site was minimal. However, when the G-quadruplex motif
was mutated, the pause sites were completely absent (Fig. 8C). Interestingly, CaCl2 did not sup-
port primer extension reaction, in both the wild type and mutant plasmids (Fig. 8B, C). Hence,
the role of CaCl2 in supporting G-quadruplex formation cannot be commented upon. Overall,
this result suggests that primer extension assay can be used to study the role of various cations
in non-B DNA structure formation. Hence, this provides a simple method to test the favour-
able conditions for formation of various other non-B DNA structures in vitro as well.
Fig 8. Primer extension through wild type andmutant G-quadruplex motif in the presence of different ions. A. Primer extension using oligomer
SCR105 on pMN7 plasmid in the presence of increasing concentrations of KCl, (0, 5, 10, 20, 50, 75, 100 and 125 mM), which is indicated using a wedge.
Lane 1 is no DNA control.B, C. Primer extension using oligomer SCR105 for wild type (B) and mutant (C) plasmids in the presence of either KCl, LiCl, NaCl
or CaCl2 (100 mM). In panel B, lane 1 is no DNA control. The pause sites generated as a result of replication block due to G-quadruplex formation are marked
by a square bracket. “M” is 50 nt ladder.
doi:10.1371/journal.pone.0119722.g008
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Our results suggest that primer extension can be used as an efficient tool for detecting
G-quadruplex DNA structures. In a recent study, we used primer extension to detect
G-quadruplex DNA flanking theHOX11 breakpoint region, involved in t(10;14) chromosomal
translocation, which was further substantiated by several other biochemical and biophysical
methods [10]. Another study used primer extension on S1 cleaved DNA by employing Taq po-
lymerase to identify triplexes in the promoter region of a smooth muscle gene [24]. Primer ex-
tension reactions using human polymerases have also been reported to identify non-B DNA at
common fragile sites [25]. It is of importance to note that both the latter studies use only a sin-
gle cycle of extension, unlike the present study.
Biological role of non-B DNA structures is an active area of investigation. Besides chromo-
somal translocations associated with cancers, involvement of non-B DNA structures has also
been suggested in various genetic diseases. In addition to G-quadruplex DNA structures, repet-
itive DNA can fold into structures like cruciform DNA, triplex DNA, left handed Z-DNA and
slipped DNA conformations. Such altered DNA structures could result in aberrant DNA syn-
thesis leading to repeat expansions and genomic rearrangements associated with neurodegen-
erative and genetic disorders such as Alzheimer’s and Huntington’s disease [6,26–32]. Thus,
primer extension can become a useful tool to study DNA fragility in such diseases.
Although in principle, primer extension described here is similar to Taq polymerase stop as-
says, it is different in several ways. Conventionally, the templates used in Taq polymerase stop
assays were single-stranded oligomeric DNA and used only a single cycle of amplification. Al-
though it worked efficiently on simple oligomeric assay system, the major drawback was the
low sensitivity, particularly when tested on longer DNA templates such as plasmid DNA. How-
ever, the current modified assay using increased number of cycles and Vent DNA polymerase
helped in improving the sensitivity of the assay system significantly as described above. Similar
technique based on primer extension has also been the fundamental basis for sequencing reac-
tions and is successfully used to detect the 5’ ends of RNA [33, 34]. It has also been used previ-
ously to detect DNA breaks induced by endonucleases in vitro [7, 35].
In conclusion, this study reports primer extension as a strong in vitro tool for deciphering
the presence of G-quadruplex motifs and other non-B DNA structures, using double-stranded
plasmid DNA, by utilizing their property to act as blocks for polymerases during replication. It
also provides an important and easy technique to test the role of various conditions such as
presence of cations that can improve the efficiency of formation of such non-B DNA struc-
tures. This improved strategy can also be further developed to detect altered structures on ge-
nomic DNA.
Acknowledgments
We thank Dr. B. Choudhary, Dr. M. Srivastava, Mr. Kohal Das and Ms. M. Nishana for discus-
sions and comments on the manuscript. SRF from CSIR, India to RK and Research Associate
fellowship, IISc, Bangalore, India to MN are acknowledged.
Author Contributions
Conceived and designed the experiments: SCR MN RK. Performed the experiments: RK MN
SS. Analyzed the data: SCR RKMN. Contributed reagents/materials/analysis tools: SCR.
Wrote the paper: SCR RKMN.
References
1. Sinden RR, editor (1994) DNA structure and function. Ist ed. San Diego, California: Academic Press.
Primer Extension to Detect Altered DNA Structures
PLOS ONE | DOI:10.1371/journal.pone.0119722 March 23, 2015 12 / 14
2. Bochman ML, Paeschke K, Zakian VA (2012) DNA secondary structures: stability and function of
G-quadruplex structures. Nat Rev Genet 13: 770–780. doi: 10.1038/nrg3296 PMID: 23032257
3. Huppert JL, Balasubramanian S (2007) G-quadruplexes in promoters throughout the human genome.
Nucleic Acids Res 35: 406–413. PMID: 17169996
4. Qin Y, Hurley LH (2008) Structures, folding patterns, and functions of intramolecular DNA G-quadru-
plexes found in eukaryotic promoter regions. Biochimie 90: 1149–1171. doi: 10.1016/j.biochi.2008.02.
020 PMID: 18355457
5. Nambiar M, Raghavan SC (2011) How does DNA break during chromosomal translocations? Nucleic
Acids Res 39: 5813–5825. doi: 10.1093/nar/gkr223 PMID: 21498543
6. Nambiar M, Raghavan SC (2013) Chromosomal translocations among the healthy human population:
implications in oncogenesis. Cell Mol Life Sci 70: 1381–1392. doi: 10.1007/s00018-012-1135-x PMID:
22948164
7. Raghavan SC, Swanson PC, Wu X, Hsieh CL, Lieber MR (2004) A non-B-DNA structure at the Bcl-2
major breakpoint region is cleaved by the RAG complex. Nature 428: 88–93. PMID: 14999286
8. Nambiar M, Goldsmith G, Moorthy BT, Lieber MR, Joshi MV, et al. (2011) Formation of a G-quadruplex
at the BCL2 major breakpoint region of the t(14;18) translocation in follicular lymphoma. Nucleic Acids
Res 39: 936–948. doi: 10.1093/nar/gkq824 PMID: 20880994
9. Katapadi VK, Nambiar M, Raghavan SC (2012) Potential G-quadruplex formation at breakpoint regions
of chromosomal translocations in cancer may explain their fragility. Genomics 100: 72–80. doi: 10.
1016/j.ygeno.2012.05.008 PMID: 22659239
10. Nambiar M, Srivastava M, Gopalakrishnan V, Sankaran SK, Raghavan SC (2013) G-quadruplex struc-
tures formed at the HOX11 breakpoint region contribute to its fragility during t(10;14) translocation in
T-cell leukemia. Mol Cell Biol 33: 4266–4281. doi: 10.1128/MCB.00540-13 PMID: 24001773
11. Nambiar M, Kari V, Raghavan SC (2008) Chromosomal translocations in cancer. Biochim Biophys
Acta 1786: 139–152. doi: 10.1016/j.bbcan.2008.07.005 PMID: 18718509
12. Korsmeyer SJ (1992) Chromosomal translocations in lymphoid malignancies reveal novel proto-onco-
genes. Annu Rev Immunol 10: 785–807. PMID: 1591003
13. Rabbitts TH (1994) Chromosomal translocations in human cancer. Nature 372: 143–149. PMID:
7969446
14. Gopalakrishnan V, Raghavan SC (2012) Sequence and structural basis for chromosomal fragility dur-
ing translocations in cancer. Future Oncol 8: 1121–1134. doi: 10.2217/fon.12.107 PMID: 23030487
15. Han H, Hurley LH (2000) G-quadruplex DNA: a potential target for anti-cancer drug design. Trends
Pharmacol Sci 21: 136–142. PMID: 10740289
16. Srivastava M, Nambiar M, Sharma S, Karki SS, Goldsmith G, Hegde M et al. (2012) An inhibitor of non-
homologous end-joining abrogates double-strand break repair and impedes cancer progression. Cell
151: 1474–1487. doi: 10.1016/j.cell.2012.11.054 PMID: 23260137
17. Lustig AJ (1992) Hoogsteen G-G base pairing is dispensable for telomere healing in yeast. Nucleic
Acids Res 20: 3021–3028. PMID: 1620597
18. Siddiqui-Jain A, Grand CL, Bearss DJ, Hurley LH (2002) Direct evidence for a G-quadruplex in a pro-
moter region and its targeting with a small molecule to repress c-MYC transcription. Proc Natl Acad Sci
U S A 99: 11593–11598. PMID: 12195017
19. Fry M, Loeb LA (1994) The fragile X syndrome d(CGG)n nucleotide repeats form a stable tetrahelical
structure. Proc Natl Acad Sci U S A 91: 4950–4954. PMID: 8197163
20. Mattila P, Korpela J, Tenkanen T, Pitkanen K (1991) Fidelity of DNA synthesis by the Thermococcus
litoralis DNA polymerase—an extremely heat stable enzyme with proofreading activity. Nucleic Acids
Res 19: 4967–4973. PMID: 1923765
21. Kong H, Kucera RB, JackWE (1993) Characterization of a DNA polymerase from the hyperthermophile
archaea Thermococcus litoralis. Vent DNA polymerase, steady state kinetics, thermal stability, proces-
sivity, strand displacement, and exonuclease activities. J Biol Chem 268: 1965–1975. PMID: 8420970
22. Kypr J, Kejnovská I, Renciuk D, Vorlícková M (2009). Circular dichroism and conformational polymor-
phism of DNA. Nucleic Acids Res. 37(6):1713–25. doi: 10.1093/nar/gkp026 PMID: 19190094
23. Lam EY, Beraldi D, Tannahill D, Balasubramanian S (2013). G-quadruplex structures are stable and
detectable in human genomic DNA. Nat Commun. 4:1796. doi: 10.1038/ncomms2792 PMID:
23653208
24. Han YJ, de Lanerolle P (2008) Naturally extended CT. AG repeats increase H-DNA structures and pro-
moter activity in the smooth muscle myosin light chain kinase gene. Mol Cell Biol 28: 863–872. PMID:
17991897
Primer Extension to Detect Altered DNA Structures
PLOS ONE | DOI:10.1371/journal.pone.0119722 March 23, 2015 13 / 14
25. Bergoglio V, Boyer AS, Walsh E, Naim V, Legube G, et al. (2013) DNA synthesis by Pol eta promotes
fragile site stability by preventing under-replicated DNA in mitosis. J Cell Biol 201: 395–408. doi: 10.
1083/jcb.201207066 PMID: 23609533
26. Rich A, Zhang S (2003). Timeline: Z-DNA: the long road to biological function. Nat Rev Genet. 4
(7):566–72. PMID: 12838348
27. Vasudevaraju P, Guerrero E, Hegde ML, Collen TB, Britton GB, Rao KS (2012). New evidence on α-
synuclein and Tau binding to conformation and sequence specific GC* rich DNA: Relevance to neuro-
logical disorders. J Pharm Bioallied Sci. 4(2):112–7. doi: 10.4103/0975-7406.94811 PMID: 22557921
28. Hegde ML, Gupta VB, Anitha M, Harikrishna T, Shankar SK, Muthane U, et al (2006). Studies on geno-
mic DNA topology and stability in brain regions of Parkinson's disease. Arch Biochem Biophys. 449(1–
2):143–56. PMID: 16620771
29. Kejnovská I, Tůmová M, Vorlícková M (2001). (CGA)(4): parallel, anti-parallel, right-handed and left-
handed homoduplexes of a trinucleotide repeat DNA. Biochim Biophys Acta. 1527(1–2):73–80. PMID:
11479034
30. Raghavan SC, Lieber MR (2007). DNA structure and human diseases. Front Biosci. 1;12:4402–8.
PMID: 17485384
31. Zhao J, Bacolla A, Wang G, Vasquez KM (2010). Non-B DNA structure-induced genetic instability and
evolution. Cell Mol Life Sci. 67(1):43–62. doi: 10.1007/s00018-009-0131-2 PMID: 19727556
32. Bacolla A, Wells RD (2004). Non-B DNA conformations, genomic rearrangements, and human disease.
J Biol Chem. 279(46):47411–4. PMID: 15326170
33. Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with chain-terminating inhibitors. Proc Natl
Acad Sci U S A 74: 5463–5467. PMID: 271968
34. Nilsen TW (2013) RNA sequencing by primer extension. Cold Spring Harb Protoc 12: 1182–1185. doi:
10.1101/pdb.prot079400 PMID: 24298029
35. Raghavan SC, Swanson PC, Ma Y, Lieber MR (2005) Double-strand break formation by the RAG com-
plex at the bcl-2 major breakpoint region and at other non-B DNA structures in vitro. Mol Cell Biol 25:
5904–5919. PMID: 15988007
Primer Extension to Detect Altered DNA Structures
PLOS ONE | DOI:10.1371/journal.pone.0119722 March 23, 2015 14 / 14
